ABSTRACT Syntaxin (stx)-1 is an integral plasma membrane protein that is crucial for two distinct steps of regulated exocytosis, docking of secretory granules at the plasma membrane and membrane fusion. During docking, stx1 clusters at the granule docking site, together with the S/M protein munc18. Here we determined features of stx1 that contribute to its clustering at granules. In live insulin-secreting cells, stx1 and stx3 (but not stx4 or stx11) accumulated at docked granules, and stx1 (but not stx4) rescued docking in cells expressing botulinum neurotoxin-C. Using a series of stx1 deletion mutants and stx1/4 chimeras, we found that all four helical domains (Ha, Hb, Hc, SNARE) and the short N-terminal peptide contribute to recruitment to granules. However, only the Hc domain confers specificity, and it must be derived from stx1 for recruitment to occur. Point mutations in the Hc or the N-terminal peptide designed to interfere with binding to munc18-1 prevent stx1 from clustering at granules, and a mutant munc18 deficient in binding to stx1 does not cluster at granules. We conclude that stx1 is recruited to the docking site in a munc18-1-bound conformation, providing a rationale for the requirement for both proteins for granule docking.
INTRODUCTION
Regulated exocytosis depends on the formation of a complex between three cognate SNARE proteins that bridges the vesicle and plasma membrane and drives their fusion (Sollner et al., 1993; Sutton et al., 1998) . In neurons and many endocrine cells, this complex consists of syntaxin-1A (stx1) and SNAP-25 (synaptosomal associated protein 25) at the plasma membrane and VAMP2/synaptobrevin-2 (syb) at the vesicle membrane. Each of the proteins contributes one (stx1, syb) or two (SNAP-25) helical SNARE motifs of 60-70 amino acids to the complex (Weimbs et al., 1997) . In addition, stx1 contains an autonomously folded Habc domain that is connected with the SNARE motif through a flexible linker and is composed of three additional α-helices (Ha, Hb, and Hc) flanked by a short N-terminal peptide (Npep) . Binding of the Habc domain onto the SNARE domain (Sn) results in an alternative four-helix bundle, which is stabilized by the S/M protein munc18. In this closed conformation, the Habc domain binds into the central cavity of munc18, while the N-peptide binds to a hydrophobic patch on its outside (Dulubova et al., 1999; Misura et al., 2000; Burkhardt et al., 2008) . "Open" and "closed" syntaxin are in a dynamic equilibrium (Margittai et al., 2003; Chen et al., 2008; Dawidowski and Cafiso, 2013) , and intermediate conformations exist when the protein is in its native lipid-bound environment (Liang et al., 2013) . By stabilizing the closed form of syntaxin (Dawidowski and Cafiso, 2013) , munc18 may act as a chaperone that prevents premature SNARE complex assembly. The transition to the ternary SNARE complex is facilitated by munc13-dependent opening of syntaxin (Yang et al., 2015) , and is thought to proceed via an intermediary "acceptor" complex that contains syntaxin, munc18, and SNAP-25, but not synaptobrevin (Zilly et al., 2006; Jakhanwal et al., 2017) . The Sec1p/Munc18 (SM) protein munc18-1 binds to stx1 and acts as template for the correct registry of the nascent 4-helix SNARE bundle (Baker et al., 2015) ; during the transition it is likely held in place by syntaxin's N-peptide Hu et al., 2011) .
Both stx1 and munc18 are also necessary for docking of secretory granules at the plasma membrane, a critical step on the path to release competence (Voets et al., 2001; de Wit et al., 2006; Ohara-Imaizumi et al., 2007) . Stx1 forms small clusters in the plasma membrane that are 50-100 nm wide and contain ∼50-70 copies of the protein (Lang, 2007; Sieber et al., 2007; Barg et al., 2010; on cholesterol (Lang et al., 2001 ) and polyphosphoinositides (Murray and Tamm, 2009) and are thought to result from a self-assembly process that involves the SNARE motif (Sieber et al., 2006) and electrostatic protein-lipid interactions through a series of arginines near the transmembrane domain (van den Bogaart et al., 2011) . A fraction of the stx1 clusters colocalize with docked secretory vesicles (on-granule clusters; Lang et al., 2001; Ohara-Imaizumi et al., 2004; Aoyagi et al., 2005; Barg et al., 2010; Honigmann et al., 2013) , where they form de novo when a vesicle contacts the plasma membrane to dock (Gandasi and Barg, 2014) . This specific binding of stx1 clusters to secretory granules involves its Habc domain, because removing this domain results in a protein that no longer localizes to docked secretory granules Overexpression of the Habc fragment displaces stx1 clusters from insulin granules and prevents successful docking (Gandasi and Barg, 2014) . Stx4, which is involved in constitutive secretion, also forms clusters in the plasma membrane, but these are distinct from those of stx1 (Sieber et al., 2006) .
Here we have analyzed a series of hybrid and mutant stx's to determine which structural features are required for recruitment of the protein to secretory granules, as well as docking and exocytosis. The data indicate that both the Habc domain and the N-peptide are involved in recruitment and docking, and that two amino acids at the N-terminal end of the Hc domain confer specificity of the interaction. We propose that stx1 is recruited during docking in its munc18-bound conformation.
RESULTS

Syntaxin-1 and -3 associate with docked granules and support docking
To test the specificity of stx recruitment to granules, we expressed enhanced green fluorescent protein (EGFP)-labeled stx isoforms 1, 3, 4, and 11 together with the granule marker NPY-mCherry in insulin-secreting INS1 cells. All four isoforms are natively expressed in these cells and in human islets (Kutlu et al., 2009; Gandasi et al., 2018) . Docked granules were imaged by TIRF microscopy ( Figure 1 , a and b), which limits illumination to within about one granule diameter from the plasma membrane. With the exception of stx11, all stx isoforms formed clusters at the plasma membrane. Clusters of stx1 and stx3, but not those of stx4, often overlapped with the positions of docked granules. We quantified this colocalization in two complimentary ways. First, we averaged a large number of images of the stx channel, each centered at the site of a docked granule ( Figure  1c) . The presence of a central spot in these average images indicated that both stx1 and stx3 were specifically recruited to granule docking sites. In contrast, only weak (stx4) or no (stx11) association was seen with the other isoforms tested. Colocalization with granules was also quantified by image analysis. We determined the amount of stx-EGFP fluorescence specifically associated with the granule (ΔF), normalized by the amount of fluorescence present in a surrounding area that did not contain a granule (S; Barg et al., 2010; Gandasi and Barg, 2014) . The resultant quotient is proportional to the apparent affinity of the protein to the granule docking site . Stx1 and stx3 yielded ΔF/S values around 0.12, while those of stx4 and stx11 were four to five times lower (Figure 1d ). Thus, stx1 and stx3 are strongly recruited to the docking site, while stx4 and stx11 are not.
To test the role of the stx clusters in granule docking, we coexpressed botulinum neurotoxin C (BoNT-C), which specifically cleaves stx1 and stx3 near the C-terminus (Schiavo et al., 1995) . Since this removes the Habc domain, we expected that syntaxin would no longer localize to granules. Indeed, BoNT-C expression resulted in uniform distribution of coexpressed stx1-EGFP (Figure 1b) , and negligible association of the protein with docked granules (Figure 1 , c and d). Docked granules were strongly reduced in BoNT-Cexpressing cells, suggesting that endogenous stx isoforms required for docking were cleaved by BoNT-C. Granule docking was efficiently and dose-dependently rescued by coexpression of toxinresistant syntaxin-1 (stx1 txres ), which also associated with docked granules (Figure 1 , e and f). In contrast, stx4-EGFP expression did not rescue docking.
Clustering at granules requires the Hc domain of stx1
Next, we created EGFP-labeled hybrid constructs of stx1 and stx4 to study which domains confer the ability of recruitment on granules ( Figure 2 ). Replacing the Habc domain of stx4 (blue in Figure 2a ) with that of stx1 (orange in Figure 2a ) yielded a protein (termed stx4Habc1) that was efficiently recruited to granules and had ΔF/S values similar to that of stx1 ( Figure 2 , b-e). In contrast, when the Habc domain of stx4 was introduced into stx1, ΔF/S was reduced by half, compared with wild-type (wt) stx1. This protein (stx1Habc4) associated somewhat more strongly with docked granules than wt stx4, suggesting that interactions other than those through the Habc domain must exist. Stx1 aggregates in part through oligomerization that depends on positive charges in its transmembrane domain (van den Bogaart et al., 2011; Honigmann et al., 2013) . When these charged amino acids in stx1Habc4 were replaced with neutral amino acids (here referred to as SATTSS, aa 260-265), association of the resultant protein with granules was similar to that for stx4. In contrast, no reduction in the ΔF/S value was observed when SATTSS was introduced into wt stx1. Next, we tested hybrids in which individual stx1 helices (Ha, Hb, Hc, Sn) were replaced with the analogous stx4 helices. Strikingly, only hybrids in which the Hc helix was derived from stx1 were recruited to docked granules more efficiently than stx4 (Figure 2 , a-e), while those with Hc derived from stx4 had ΔF/S values similar to that of wt stx4 (cf. Figure 1d , dashed blue line in Figure 2e ). Replacing the Ha or Hb domains of stx1 with those of stx4 had no effect on its recruitment, and replacement of both Ha and Hb, or of the SNARE domain (Sn), led to a minor reduction. Thus, the Hc domain contains specific features that are required for the recruitment of stx1 to granules, while the three other helical domains can be replaced with those of another stx isoform.
Four helical domains and the N-peptide are required for granule association
Removing the N-terminal Habc domain from stx1 strongly reduces its binding to the docking site . We studied this effect in more detail and prepared a series of deletion mutants of EGFP- stx1ΔHabc, stx1ΔHab, stx1ΔHbc, stx1ΔHac, stx1ΔHa, stx1ΔHb, stx1ΔHc, stx1ΔSn, stx1ΔNpep, and stx1ΔNHab. (d) Average images of the EGFP channel spatially aligned to granule locations for constructs specified in a. Scale bar, 0.5 µm. (e) Quantification of syntaxin binding to the docking site (ΔF/S) for cells in d. Numbers of cells and experiments are given above the bars (cells/experiments). Asterisks indicate significant changes from stx1 (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ANOVA). labeled stx1 in which one or more of the four helices Ha, Hb, Hc, or Sn were missing, while retaining the N-peptide (Npep, aa 1-27; see Figure 3a ). Deletion of each of the helical domains alone, and most combinations of double deletions, abolished association of the resultant proteins with granules ( Figure 3 , b-e). However, a stx1 in which both Ha and Hb were deleted (termed ΔHab) was still recruited to granules, although only about half as efficiently as wt stx1. Stx1 with the N-peptide deleted (stx1ΔNpep) was recruited to granules less than half as efficiently as wt stx1. Interestingly, when the N-peptide was deleted from the truncated stx1ΔHab, association with granules was abolished altogether (Figure 3, b-e) . The data indicate that all four helical domains and the N-terminal peptide are required for clustering of stx1 at granules, which is consistent with the notion that stx1 is recruited in a conformation that at least partially resembles the closed conformation.
Munc18 is required for recruitment of stx1 to granules
Munc18-1 is required for docking (Voets et al., 2001) and stabilizes the closed conformation of stx1 by binding the coiled-coil Habc bundle into its central cavity (Dulubova et al., 1999; Misura et al., 2000; Dawidowski and Cafiso, 2013 ). An additional site exists of interaction with the stx1's N-peptide, which is important during SNARE complex assembly . We therefore tested whether interfering with either of these binding modes would affect recruitment of stx1 to granules or granule docking. An EGFP-labeled stx1 carrying mutations known to prevent binding to the central cavity of munc18-1 (D231A/E234A/N236A/ D242A, stx1 DEND ) (Shi et al., 2011) associated two-to threefold more weakly with docked granules than wildtype stx1 ( Figure  4 , a-d), suggesting that this binding mode is important for recruitment. On the basis of the crystal structure of munc18-1-bound stx1 (Burkhardt et al., 2008) , we created two additional point mutations at the N-terminal end of the Hc-domain to interfere with a hydrophobic interaction between munc18-1 and closed stx1 ( Figure  4e ). Replacing alanine (A111) and isoleucin (I115) with serines (A111S/I115S, referred to as stx1 SS ) or with valine and methionine (A111V/I115M, referred to as stx1 VM , to resemble stx4) resulted in proteins with strongly reduced ability to cluster at granules. Conversely, when the corresponding residues in stx4 were mutated to AI to resemble stx1 (V118A/M122I, referred to as stx1 AI ), the resultant protein localized to granules nearly as much as stx1 (Figure 4, a-d) .
We confirmed that EGFP-labeled munc18-1 also accumulates at the granule docking site (Pertsinidis et al., 2013; Gandasi and Barg, 2014) and then tested how mutations that interfere with its binding to stx1 affect this recruitment and granule docking (Figure 4, f-i) . Mutations in the central cavity of munc18-1 (46E/59K) are well known to prevent its binding to stx1 (Han et al., 2009) , and a mutant munc18 EK -EGFP had a twofold lower affinity to the docking site than wt munc18-1-EGFP. The data indicate that binding of munc18-1 to stx-1 is critical for recruitment of both proteins to granules. This is consistent with our earlier finding that their time courses of recruitment during docking are very similar (Gandasi and Barg, 2014 ).
Overexpression of Habc-derived fragments reduces exocytosis in INS1 cells
Expression of soluble Habc fragments competitively displaces stx1 from the granule docking site and reduces both the number of docked granules and exocytosis (Zhou et al., 2013; Gandasi and Barg, 2014) . Indeed, expression of an EGFP-tagged Habc fragment of stx1 (aa 1-159) together with the granule marker reduced docked granules by about half (Figure 5b ). This was not due to an overall reduced number of granules, because the granule density in confocal images focused at the center of the cell was unchanged (unpublished data). Expression of the individual helical domains Ha, Hb, and Hc (but not Sn) of stx1 decreased docked granules by about one-fourth (Figure 5b ). We then tested whether stx1 fragments would affect stimulated exocytosis. Cells coexpressing EGFPlabeled stx1 fragments and the granule marker NPY-mCherry were imaged and individually depolarized by exposure to 75 mM K + , which resulted in visible exocytosis of a fraction of granules ( Figure  5, c and d) . In contrast to controls (EGFP), most stx1 fragments partially inhibited exocytosis, with Ha having the strongest inhibitory effect, followed by Hb and Hc. The Sn and the Npep also inhibited exocytosis, although the effects were smaller than with the Habcderived fragments. Granule priming, which we estimate as the fraction of docked granules that underwent exocytosis, was reduced by expressing Ha, Hb, Hc, and Sn, while the Habc fragment had little or no effect (Figure 5e ). We conclude that the presence of the Habc domain fragment affects exocytosis primarily by reducing docked granules, while the SNARE domain fragment mostly affects granule priming. Individually, the Ha, Hb, and Hc domains decrease both docking and priming.
DISCUSSION
Contact of secretory granules with the plasma membrane induces temporally synchronized recruitment of stx1 and munc18, which initiates the formation of a functional release site (Gandasi and Barg, 2014) . We show here that this process depends on features in the Habc domain of stx1, and that interaction between stx1 and munc18 is required. At first sight, this is at odds with reports that the SNARE domain, positive charges near the plasma membrane, or the length of the transmembrane domain drive clustering of stx (Sieber et al., 2006; Murray and Tamm, 2011; Milovanovic et al., 2015) . However, the various clustering mechanisms of stx1 are not mutually exclusive and likely operate in parallel. Clustering of stx (by self-aggregation or lipid association) and localization of such clusters to granules are separable events, which is consistent with reports that small stx1 clusters coalesce into larger ones (Bar-On et al., 2012) and that the density of stx1 clusters, but not the amount of stx1 bound to granules, increases with the expression level of the protein (Sieber et al., 2006; Barg et al., 2010) .
Both the stx1/4 hybrids and the stx1 deletion mutants demonstrate that removal of any one, or of all three helices within the Habc domain prevents accumulation of stx1 at docked granules. This indicates that all four helical domains are required for recruitment of stx1 to docked granules. While this is consistent with a conformation that at least partially resembles the closed stx1 seen in crystal structures (Misura et al., 2000; Burkhardt et al., 2008) , it does not exclude intermediates that are partially open (Dawidowski and Cafiso, 2013; Liang et al., 2013) . Syntaxin must also be bound by munc18, because mutations that interfere with binding of stx1 to munc18 also prevent clustering of stx1 at granules ( Figure 4) ; this is consistent with earlier findings that most stx1 in the membrane is munc18-1-bound (Schütz et al., 2005; Zilly et al., 2006; Pertsinidis et al., 2013) . Moreover, the D34N/M38V mutations near the munc18-1 N-terminus, which prevent its binding to closed stx1, strongly affect vesicle docking (Gulyas-Kovacs et al., 2007) . In light of these considerations, the relatively strong clustering of the ΔHab is surprising, because it lacks two of the helices.
In the closed conformation of stx1, the Hc domain is located deepest within the central cavity of munc18, adjacent to the SNARE domain, while the remaining Ha and Hb helices are located toward the open face of the cavity (Misura et al., 2000; Burkhardt et al., 2008) . Notably, only mutants containing the Hc domain of stx1 associated with docked granules, indicating that specific features within the Hc domain are important for directing stx1 to docked granules. Indeed, we show that two point mutations at the Nterminal end of the Hc (positions A111/I115) can convert stx1 to a phenotype resembling stx4, and vice versa. In contrast, other regions of the protein (Ha, Hb, Sn, N-peptide) could be replaced with those of stx4, which on its own is not strongly recruited to granules. The Hc domain is therefore likely important for determining which stx isoform is present at the release site, and may underlie the fact that SM proteins contribute to SNARE pairing specificity (Peng and Gallwitz, 2002; Shen et al., 2007) .
Removal of the N-peptide also weakened accumulation of stx1 at granules, although less than removal of any of the Habc helices. This is consistent with its proposed role in initiating binding between munc18 and stx1 and may explain why the stimulatory action of munc18-1 on exocytosis requires the N-peptide Zhou et al., 2013) and why expression of the N-peptide fragment decreases exocytosis (Figure 5d ; Park et al., 2016) and blocks neurotransmitter release in the calyx of Held (Khvotchev et al., 2007) . The relatively weak effect of N-peptide deletion on clustering is consistent with the finding that a dysfunctional N-peptide reduces exocytosis only when combined with the "constitutively open" LE mutation (Park et al., 2016) . Moreover, stx1 lacking the N-peptide can still bind munc18 in a closed conformation (Colbert et al., 2013) . Taken together, these results suggest that there is no absolute requirement for the N-peptide during exocytosis or, as we show here, syntaxin recruitment to the release site. In summary, we conclude that stx1 is recruited to the docking site in a munc18-1-bound conformation that depends on the Habc domain and involves specific interactions with the Hc helix. This provides a rationale for the requirement for both proteins during granule docking.
MATERIALS AND METHODS Cells
INS1-cells clone 832/13 were used throughout this study. Cells were maintained in RPMI 1640 (Invitrogen) containing 10 mM glucose and supplemented with 10% fetal bovine serum, streptomycin (100 μg/ml), penicillin (100 μg/ml), Na-pyruvate (1 mM), and 2-mercaptoethanol (50 μM). The cells were plated on polylysine-coated coverslips, transfected using Lipofectamine2000 (Invitrogen), and imaged 24-34 h later.
Solutions
The solution used for imaging contained 138 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , 3 mM d-glucose, and 5 mM HEPES (pH 7.4 with NaOH) at room temperature, except for exocytosis experiments (32°C). The solution for exocytosis experiments contained 10 mM glucose and was supplemented with 2 μM forskolin and 200 μM diazoxide, a K + -ATP-channel opener that prevents glucose-dependent depolarization. Exocytosis was evoked by computer-controlled application of elevated K + (75 mM KCl equimolarly replacing NaCl in the standard imaging solution) through a pressurized glass pipette.
Constructs
To label granules, cells were transfected with plasmids encoding NPY-mCherry Gandasi et al., 2015) . Syntaxin-1 constructs are C-terminally tagged with EGFP and derived from the rat Syntaxin-1a-EGFP linker contains the ORF from NM_031125.1 (rat) and Syntaxin-3-EGFP contains the ORF from NM_031124.1 (rat), both inserted into pEGFP-N1. The modifications of these vectors were done using PCR-based seamless cloning protocols using the Phusion DNA polymerase (Thermo-Fisher). The protein-coding DNA sequences of all constructs were confirmed by commercial sequencing (Eurofins Genomics). The backbones for all plasmids were derived from pEGFP-N1 (Clontech), with the exception of Clostridium botulinum neurotoxin C (BoNT-C, AB_745657.1, nucleotides 79-1424), which was coexpressed with NPY-mCherry from the bicistronic vector pIRES (Clontech). NPY-mCherry was cloned into the first slot (before the IRES site) and BoNT-C into the second slot of pIRES. As a control for these experiments, we used pIRES with NPY-mCherry in the first slot and the second slot empty.
Syntaxin-1 deletion mutants: 
Microscopy
Cells were imaged using a custom-built lens-type total internal reflection (TIRF) microscope based on an AxioObserver Z1 with a 100×/1.45 objective (Carl Zeiss). Excitation was from two DPSS lasers at 491 and 561 nm (Cobolt) passed through a cleanup filter (zet405/488/561/640×; Chroma) and controlled with an acoustooptical tunable filter (AA-Opto). Excitation and emission light were separated using a beamsplitter (ZT405/488/561/640rpc; Chroma). The emission light was chromatically separated onto separate areas of an EMCCD camera (Roper QuantEM 512SC) using an image splitter (Optical Insights) with a cutoff at 565 nm (565dcxr; Chroma) and emission filters (ET525/50m and 600/50m; Chroma). Scaling was 160 nm per pixel. For still images, the two color channels were acquired sequentially, first with cells exposed to 491 nm (1 mW) for 1 s (50 × 20 ms average), immediately followed by 561 nm (0.5 mW) for 100 ms. Movies were recorded with 100-ms exposures in stream mode (10 frames s -1 ) and exciting simultaneously with 491 and 561 nm light. Alignment of the two color channels was corrected offline as previously described (Taraska et al., 2003) .
Image analysis
The fluorescence emitted by the cell (F) was calculated as the average pixel value in the footprint of the cell, corrected for out-of-cell background (bg). F was then normalized (F/F 0 ) to the first frame of the movie (F 0 ). All other measurements were specific for granules: granules that were well separated from other granules or the edge of the cell were identified, and an algorithm implemented as MetaMorph journal then read the average pixel fluorescence in 1) a central circle (c) of diameter 3 pixels (0.5 μm), 2) a surrounding annulus (a) with an outer diameter of 5 pixels (0.8 μm), and 3) an area not containing any cell as background (bg). The circle contains essentially all fluorescence originating from the granule site, plus the local background. The specific granule-associated fluorescence ΔF was calculated by subtracting the annulus value from that of the circle (ΔF = c -a). Local fluorescence unrelated to the granule site was calculated by subtracting the background from the annulus value (S = a -bg; Barg et al., 2010) . ΔF/S measures how well a protein binds to a granule: positive values indicate binding of syntaxin-EGFP to the granule site, negative values indicate exclusion. For syntaxin, the relation of ΔF over S follows a one-site binding model, ΔF = B max × S/(K d + S) . For the relatively low expression levels in our experiments, the ratio ΔF/S is therefore proportional to the apparent affinity of the protein to the docking site. Note that ΔF is given as a per-pixel average for the entire 0.5-μm -2 circle, and ΔF/S values are therefore seemingly small. Assuming a cluster size of 50 nm, ΔF/S = 0.1 corresponds to at least 20-fold enrichment in the cluster beneath a granule. Exocytosis events were found by eye as events with an obvious change in the fluorescence from the preexocytosis baseline followed by rapid loss of the signal.
Statistics
Experiments were repeated with at least three independent preparations. Data are presented as mean ± SEM unless otherwise stated, and number of cells is given in the text or within bar graphs. Statistical significance was tested using Student's t test for two-tailed paired or unpaired samples, as appropriate. Significant difference is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
